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 We present two configurations for analogue 0 to 2 optical phase modulation using 
liquid crystals (LC), each of which achieve switching times that are 1 ms or less. One 
configuration is based on the switching behavior of a so-called nematic pi-cell, and the other 
is based on the flexoelectro-optic effect in chiral nematic LCs when operated in the uniform 
lying helix geometry. Both configurations exploit a multi-pass optical arrangement in order to 
enhance the available optical phase range whilst maintaining a fast switching speed. Moreover, 
these devices can be operated at or close to room temperature. Experimental data is found to 




















 Optical phase modulation is important in many aspects of optical and opto-electronic 
technology [1]. Phase modulation can be obtained either by changing the refractive index (or 
effective refractive index) of a material through which light is propagating, or by physically 
changing the optical path-length for the light. For applications requiring a spatially structured 
phase modulation of a propagating optical wave-front, a liquid crystal (LC) spatial light 
modulator (SLM) is often desirable and has been employed in applications such as 
micromanipulation and beam-shaping [2-7]. Commercial SLM technology based upon LCs 
broadly breaks down into two categories: those that provide a digital, binary, or quantized 
phase modulation with a very limited number of states (e.g. 0 and  phase states are commonly 
chosen) and those that provide analogue (or at least, multi-level) phase modulation (e.g. a phase 
range of 0 to 2 is commonly used). As an example, binary SLM technology [8-10] is often 
based on the bi-stable switching of ferroelectric LCs and can achieve switching times that are 
substantially less than 1 ms. A high-speed technology based on anti-ferroelectric LCs has 
recently been demonstrated, but this uses rather thick layers of LC, thus limiting the potential 
pixel pitch [11]. Analog SLM technology, on the other hand, typically involves switching a 
layer of nematic LC, but the switching times are generally much longer, being many 
milliseconds [12, 13], although with careful material and device optimisation 2 ms response 
times have been obtained in the laboratory [14]. 
 
 Improving the switching speed, whilst maintaining access to a full range of phase states 
(from 0 to 2) enables SLM technology to be used in a wider range of systems, such as in faster 
optical laser beam tracking/steering [15], and in higher-speed optical aberration correction in 
imaging systems [16]. There has been much work in this area, with a number of proposals and 
demonstrations of configurations which can enhance the switching speed (reduce the response 
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time) in a useful way. For example, two-photon laser writing techniques have been employed 
to engineer advanced structures inside of LC devices in order to optimise switching times [17-
19], and there has been work on incorporating polymer networks into LC layers in order to 
obtain sub-millisecond switching times [20]. 
 
An alternative approach has been demonstrated using the flexoelectro-optic effect in 
chiral nematic LCs [21]. This electro-optic effect, which can be observed when an electric field 
is applied perpendicular to the helical axis of the chiral nematic LC, can exhibit fast electro-
optic properties because the characteristic length scale is the helical pitch (which can be of the 
order of 100s nm) rather than the device thickness. While the electro-optic effect offers sub-
millisecond switching times, the optical response is generally quite small for most LC 
compounds and mixtures, with switching angles of just a few degrees. Bimesogenic LCs, 
however, can show much larger switching angles, allowing useful electro-optic effects to be 
exploited [22]. Using a configuration based upon the flexoelectro-optic effect in combination 
with wave-plates and a reflecting element, we have shown in previous work that it is possible 
to achieve sub-millisecond 0 to 2 optical phase modulation [23]. 
 
 A drawback with the approach demonstrated in Ref. 23 is that the devices had to be 
operated at somewhat elevated temperatures (in excess of 100C), which is impractical for 
most technological applications. Unfortunately, room-temperature materials showing a large 
and high-speed flexoelectro-optic effect are not yet commonly available. An LC which shows 
substantial switching angles at room temperature has recently been demonstrated, but it 
requires large electric fields (equivalent to 100V across a 5 m-thick device to achieve a 
switching angle of 40) [22]. Therefore, there is still considerable value in identifying new 
modes and configurations that can lead to fast switching and full 2 phase modulation. The 
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focus of this work, therefore, is to report on two alternative approaches that potentially address 
the shortcomings that are present in existing technologies. Namely, full 2 phase modulation 
operating at switching frequencies much greater than 100 Hz at room temperature.  
 
II. ALTERNATIVE CONFIGURATIONS 
 
In the first configuration, a nematic electro-optic mode is used in a high-speed regime. 
For nematic LCs the “switch-off” speed is typically the limiting factor in engineering a high-
speed optical response. This is because the “switch-on” is driven by an applied voltage and the 
resulting switching speed is primarily controlled by the corresponding electric field and the 
viscosity of the LC. Therefore, by ensuring that the field is sufficiently large, high-speed 
switching can be obtained. However, the “switch-off” speed [24] is primarily controlled by the 
elasticity and viscosity of the LC, and therefore this is harder to control, other than through 
material parameter optimization [25]. Alternatively, the switching speed can be improved 
through the use of polymer stabilization [26] or by making the device thinner. Polymer 
stabilization, while it can be effective, often leads to larger driving voltages and increased light 
scattering, both of which are unwanted side effects. Making the device thinner is a possible 
solution as the thickness of a nematic LC layer strongly influences the switching speed. In 
general, the characteristic “switch-off” time constant, , is given by 𝜏 ≈
𝛾𝑑2
𝜋2𝐾
⁄  [24], where 
 is the rotational viscosity, K is an elastic constant, and d is the layer thickness. Therefore, a 
thin layer thickness (d) leads to high-speed switching.  
 
There are, however, two problems with the approach of reducing the layer thickness: 
(i) thin uniform layers are more difficult to engineer, and the devices become difficult to 
capillary fill; (ii) thin layers show a reduced electro-optic effect, so the degree of phase 
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modulation available may be insufficient. Here we aim to address these two issues. Firstly, we 
use an LC layer with a conventional device thickness of 5 microns but exploit the switching of 
a thin region near the surfaces of the device. Secondly, we use a multi-pass optical arrangement 
to enhance the electro-optic effect at the surfaces of the device to obtain a full 0 to 2 optical 
phase modulation. 
 
For the second configuration, a room temperature flexoelectro-optic device is employed 
that exhibits small angle deflection, but the electro-optic response is enhanced (or amplified) 
through a multi-pass configuration. In our previous work using the flexoelectro-optic effect we 
have shown that by integrating the LC layer between quarter-wave plates and a mirror it is 
possible to obtain full 0 to 2 optical phase modulation in a device with a switching angle of 
45 [23]. However, as noted, fast-switching materials that operate at room temperature tend 
to show reduced switching angles. In this study, we use a bimesogenic-doped eutectic mixture 
that exhibits switching angles in the range of 15 to 20 at room temperature and 
demonstrate that enhanced optical phase modulation can be obtained by using a multi-pass 
geometry. 
 
III. THEORETICAL CONSIDERATIONS  
 
A. Phase modulation with a nematic pi-cell 
 
In a layer of nematic LC with positive dielectric anisotropy the application of an electric 
field across the layer causes reorientation of the director from a planar state towards a state 
with the director oriented perpendicular to the device surfaces. At high voltages the bulk of the 
layer is reoriented to the perpendicular state, and small transition regions (or boundary layers) 
remain near the device surfaces which are shown in FIG. 1.  
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FIG. 1. The orientation of a nematic LC director when subjected to an applied electric field in 
a pi-cell. The orthographic side view of the pi-cell device at (a) low voltage and (b) high 
voltage. The direction of the electric field in both cases is parallel to the normal of the 
substrates. 
 
In a conventional anti-parallel rubbed device that exhibits the well-known Fréedericksz 
threshold voltage, the director tilt in the boundary layers is in the same sense near the two 
surfaces. On the other hand, in the so-called pi-cell (parallel rubbed surfaces) [28] the tilt is in 
the opposite sense in the two boundary layers. In the limit of very high voltages, and if the tilt 
of the director out of the cell surface plane is given by the angle   (the tilt angle θ and 
coordinate Z are defined as in FIG. 1), then these states can be written as 
 
𝑧 = 0 ∶  𝜃 = 0° 
0 < 𝑧 < 𝑑 ∶  𝜃 = 90° 
𝑧 = 𝑑 ∶  𝜃 = 0° 
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for the Fréedericksz device and 
𝑧 = 0 ∶  𝜃 = 0° 
0 < 𝑧 < 𝑑 ∶  𝜃 = 90° 
𝑧 = 𝑑 ∶  𝜃 = 180° 
 
for the pi-cell device, where z measures the position through the LC layer. 
 
 In each case, when the electric field is removed, relaxation of the director from the 
switched state back towards the planar state begins from the surfaces. If we use a simple one 
elastic constant approximation (i.e. K11 = K22 = K33 = K) to model the LC behavior then the 
initial response of the boundary layers at each surface has an analytic solution in terms of the 
error-function (erf) of the form 
 
 𝜃(𝑧, 𝑡) = 𝜃s + (𝜃b − 𝜃s)erf {
𝑧√𝛾
2√𝐾√𝑡
}    (1) 
 
where z is now a coordinate measured from the surface, s and b are the initial surface and 
bulk director orientations, respectively, and K is the LC elastic constant. This solution is valid 
at each surface for short timescales provided that the erf{...} term remains close to unity for z 
= d/2. 
 
To determine the magnitude of the optical phase change (modulation) available through 
this boundary layer behaviour we need to determine the phase, , of the light propagating 








     (2) 
where 
 𝑛𝑒𝑓𝑓(𝑧) = √𝑛𝑒2cos2(𝜃) + 𝑛𝑜2sin2(𝜃)    (3) 
 
Here  is the wavelength of light, and ne and no are the extraordinary and ordinary refractive 
indices of the LC, respectively. Further analytic progress is challenging because the integration 
of the trigonometric function of the error function is non-trivial. However, further progress can 
 8 





 ∶  𝑢 < 𝑢0     (4) 
 erf(𝑢) ≈ 1 ∶  𝑢 ≥ 𝑢0     (5) 
 
where u0 is chosen such that the integral of the approximation to the error function remains 
correct (leading to u0 =1.12838); and (b) we also expand neff(z) for small n. 
 
 Assuming that s = 0 and b = 90,  (z,t) can now be written as 
 






   for   
𝑧√𝛾
2√𝐾√𝑡
< 1.12838   (6) 
 𝜃(𝑧, 𝑡) ≈ 90°   for   
𝑧√𝛾
2√𝐾√𝑡
≥ 1.12838    (7) 
and 
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+ ⋯ )}              (10) 
where 
 𝑧𝑐𝑟𝑖𝑡 = 1.12838 ∙
2√𝐾√𝑡
√𝛾
               (11) 
 
In Equation (10), the first term in the curly brackets (the nod term) represents a fixed phase 
term whereas the other terms represent a change in the phase. Setting the phase change to /2 
and using light of wavelength  = 632.8 nm (He-Ne laser), together with the physical 
parameters for the nematic LC, E7, allows us to determine a time that represents a response for 
a /2 phase modulation1, which is then estimated to be t ≈ 1ms. We note that this response 
 
1 There is some variation in the published parameters for E7. Based on the elastic constants 
published in [28] we use a one-constant approximation of 𝐾 ≈ 15pN. The rotational viscosity 
published in [28] is 𝛾 ≈ 0. 08Pa.s, but values published elsewhere are typically higher. Here 
 9 
time is independent of the thickness of the LC device provided that its thickness is substantially 
greater than twice zcrit at this point in time, which is 0.7 m for the above case. 
 
 The implication of these findings is that /2 phase modulation is available on a 
millisecond timescale in the “switch-off” (relaxation) of nematic layers provided that they are 
switched on at high voltage. In the experimental section this behaviour is demonstrated using 
a pi-cell device. By using a multi-pass configuration, the phase modulation is then enhanced to 
give a full 0 to 2 range. 
 
B. Phase modulation with flexoelectro-optic switching  
 
In the flexoelectro-optic effect, the applied electric field leads to an in-plane rotation of 
the effective optic axis of the helical structure by an angle,   (the definition is shown in FIG. 







               (12) 
 
where e1 and e3 are the splay and bend flexoelectric coefficients, respectively, K11 and K33 are 
the splay and bend elastic constants, respectively, E is the applied electric field, and q = 2/p, 
where p is the pitch of the chiral nematic helix. The orientation of the chiral nematic LCs 
without and with an applied electric field are shown in FIG. 2. 
 




FIG. 2. Definition of the geometrical quantities (tilt angle  and coordinate Z) for the 
configuration based on the flexoelectro-optic effect. Device without (a) and with (b) an applied 
electric field applied perpendicular to the helix axis. 
 
If the layer of LC is placed between quarter-wave plates, there is a modulation in the 
phase of the transmitted light. The magnitude of this phase modulation can be determined using 
a Jones matrix [31] approach via 
 






) 𝑬in              (13) 
 
where Ein is the incoming light field, 𝑸 (±
𝜋
4
) are quarter-wave plates at 45, LC(χ) is the 
flexoelectro-optic LC layer switched to an angle , and Eout is the outgoing light field. Using 
Equation (13) it can be demonstrated that the optical phase modulation is twice the switching 
angle of the effective optic axis in the LC layer. So, if the switching angle is max then the 
phase modulation obtained is 2max. Placing a reflector (mirror) behind this system of 
components, and using the modulator in a reflective mode doubles this further, giving a phase 
modulation of 4max. Therefore, with a switching range of 45 a phase range of π is 
available (equivalent to a full optical phase range of 0 to 2). 
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 This principle can be extended further to a “multi-pass” concept. The single-pass, as 
shown by Equation (13), leads to a phase modulation of 2max. The reflection configuration 
used in previous work [23] is effectively a double-pass arrangement leading to twice this 
modulation, i.e., 4max. Therefore, a three-pass arrangement would lead to 6max, and a four-
pass arrangement would lead to 8max, and so on. In the present study we demonstrate the 
enhancement of the phase modulation by increasing from a single, to a double and finally a 
four-pass arrangement. 
 
IV. EXPERIMENTAL RESULTS AND DISCUSSION 
  
A. Nematic Pi-cell Phase Modulator 
 
 
To begin with, we demonstrate the high-speed switching in a nematic pi-cell. The pi-
cell’s surfaces were treated so that they can provide a surface alignment that will create the 
same pretilt direction on both surfaces so that the flow results in no torque being applied to the 
LC director in the centre of the cell [27]. For this work the nematic eutectic mixture, E7 
(Synthon Ltd), was capillary filled into a pi-cell, which consisted of glass substrates that were 
coated in indium tin oxide (ITO) electrodes and parallel rubbed polyimide alignment layers. 
The thickness of the device was nominally 5 µm. Placing such a device between crossed 
polarizers, with the alignment direction at 45 to the polarizer axis, the transmission tends to 
zero at high voltage. When the voltage is removed the transmission increases. At the point 
where the transmission reaches 50% the phase retardation of the device is equivalent to a 
quarter-wave plate, which is where the phase for light polarized along the alignment direction 
has changed by /2. This is where the boundary layers have grown to a thickness of zcrit as 
outlined in Section IIIA.  
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The behaviour described here is shown in FIG. 3 where the wavelength of light used 
was  = 632.8 nm (He-Ne laser). The switching voltage waveform was a 5 kHz square-wave 
modulated to give a sequence of 50 Vpp (drive voltage), 0V (relax voltage), and 6 Vpp (hold 
voltage) (The waveform generator was a Tektronix AFG 3022). Firstly, the 50 Vpp switches 
the device on before the 0V then allows the boundary layers to grow from the surface. At the 
point where the transmission reaches 50% a holding voltage of 6 Vpp was applied. The sequence 
was then repeated. Importantly, the time to “relax” to a transmission of 50% was found to be 
0.75ms. This is actually slightly less than the equivalent time for /2 phase modulation 
estimated in Section IIIa, but it should be remembered that this was based on a simplified 
analytic approach. 
 
FIG. 3. Transmission as a function of time (blue solid line) for a nematic pi-cell between 
crossed polarizers when the device was driven by the voltage waveform sequence shown by 
the orange solid line and as described in the main text. Modulation of the transmission by 50% 
corresponds to a phase change of /2 in the extraordinary wave. 
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Next, we placed the pi-cell device in a simple Mach-Zehnder interferometer [32]. The 
experimental arrangement was as shown in FIG. 4(a). The resulting fringes were recorded 
using a CCD camera as the device was switched through the sequence described previously; 
the time of each part of the modulated 5 kHz waveform was now set to be 1 ms (i.e. 1 ms at 
drive voltage, 1 ms at relax voltage, 1 ms at hold voltage, repeated). The recorded fringes were 
then analyzed to track the phase-change of the wavefront of the light passing through the pi-
cell device. To demonstrate control of the resulting phase of the transmitted light the 
modulation of the 50Vpp, 0V, 6Vpp sequence was then adjusted, and the phase-change tracked 
for each case. (Note: as the modulation of the waveform is decreased the drive voltage reduces 
and the relaxation voltage increases, but the overall rms voltage remains sufficient to retain the 
pi-state in the device.) The results are shown in FIG. 5 where the x-axis shows the difference 
between the drive voltage and the relaxation voltage (ΔV) for different modulation depths (0% 
to 100%). In the figure we can see that a maximum phase modulation of slightly in excess of 
90 was obtained, and that this varied smoothly as the modulation was changed. This response 
was obtained in 1 ms. The amplitude (or intensity) modulation in this configuration is minimal 
because the nematic director is switching in the plane of the incident polarized light. There are 
small losses due to the reflections at the device surfaces, and the small amount of optical 





FIG. 4. Schematic diagrams of the experimental arrangements. (a) The one-pass setup (Mach-
Zehnder interferometer); (b) The two-pass setup (Michelson configuration); (c) The four-pass 
setup (“folded” Michelson configuration); (d) The two different device geometries used: a pi-
cell and a flexoelectro-optic (chiral nematic LC) device between quarter-wave plates. 
 
 
FIG. 5 also shows the results from modelling the phase behaviour. A simple analytic 
model can be developed based on the ideas introduced in Section IIIA. In this case a piecewise 
linear form is again used, but now the boundary layer thickness, zcrit, is determined by 
minimising the energy for the driving and holding voltages (this leads to the dotted black line 
in FIG. 5). Alternatively, rather than using the analytic estimation outlined in Section IIIA, a 
model can be based on a finite-difference numerical solution to the Euler-Lagrange equations 
for simple nematic continuum theory. Only the splay and bend elastic constants are relevant in 
this model (values of K11 = 11.1 pN and K33 = 17.1 pN were used for E7 [28], this leads to the 
orange dashed line in FIG. 5). The device thickness was 5 microns,  = 14.0, and n = 0.22. 
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It can be seen that the simple analytic model is reasonable at lower modulation levels, but 
diverges substantially at higher modulation levels. This may be because the dynamic behaviour 
becomes more important in these cases. For the numerical model it can be seen that whilst the 
overall trend is reasonable, the model falls slightly outside of the error bars associated with the 
experimental data (measurement of optical phase from the interferometer). It is not entirely 
clear why this is so, although it may be due to the lack of inclusion of flow in our model, this 
being generally considered to enhance the switching speeds in pi-cells [33]. (Some allowance 
for this effect was included by reducing the rotational viscosity for the fit, where a value of  
𝛾 = 0.07 Pa.s was used, which is very similar to the value quoted in [28]). In subsequent graphs 
we show only the results from the numerical modelling alongside the experimental results. 
 
FIG. 5. Phase modulation obtained using a pi-cell, driven by the waveform sequence as 
described in the main text. The data points (blue circles) are from the experiments and the 
dashed orange line represents the results from the numerical model. The dotted black line 
shows the results from a simplified analytic model. 
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 For the geometry considered here, light is only passing through the device once (i.e. it 
is a one-pass configuration). Next, we re-configure the interferometer into a Michelson 
configuration [34] and place the device in one arm to give a two-pass arrangement. The 
diagram of the two-pass set up is shown in FIG. 4(b). The light then passes through the device 
twice, and an enhanced optical phase modulation effect is obtained. The results, for the same 
driving conditions used previously, are shown in FIG. 6(a). We can see from the figure that 
the behaviour follows the same trend as that shown in FIG. 5, but that the optical phase 




FIG. 6. Phase modulation obtained using a pi-cell. The points are the experimental data and 




 To increase the modulation depth further, we modify the arrangement of the 
interferometer to pass the light through the device four times; this is done by adding an 
additional mirror into the signal arm of the Michelson arrangement, the diagram is shown in 
FIG. 4(c). The result for this four-pass configuration is shown in FIG. 6(b). Here we can see 
that an optical phase modulation in excess of 360 (2π) is obtained. Again, we see that the 
experimental data lie slightly off the line of the model. However, importantly, this 
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configuration has demonstrated a full phase modulation of the light (i.e. a phase range of greater 
than 0 to 2π) with a 1 ms switching time. Even faster switching times would be available using 
more optimised materials, such as that used in the work by Huang et al [14]. 
 
B. Phase modulation with multi-pass flexoelectro-optic switching 
 
For the flexoelectro-optic effect we first investigate the switching behavior of the 
mixture that consists of a base chiral nematic mixture comprising E7 + 3wt% BDH1281 
(Merck) doped with 20 wt% of the bimesogenic material 4′,4′-(nonane-1,7-diyl)bis(([1′,1″-
biphenyl]-4″-carbo-nitrile), CB9CB [35, 36]. The chiral nematic mixture, which forms a right 
handed helical structure with a pitch of ≈ 520 nm, was capillary filled into a nominally 5 µm 
thick device that consisted of glass substrates that were coated with ITO electrodes (to facilitate 
the application of an electric field along the normal to the device substrates) and anti-parallel 
rubbed polyimide alignment layers. To ensure that the electric field is orthogonal to the helical 
axis (a necessary requirement to observe flexoelectro-optic switching) a uniform lying helix 
(ULH) geometry was required. To form the ULH alignment, the device was heated up to 50ºC 
in the presence of a 500Hz, 25 Vpp  square waveform and then cooled down to room 
temperature in the presence of an applied electric field. All measurements were carried out at 
a temperature of T = 30 ºC. 
 
The resulting mixture shows enhanced flexoelectro-optic switching when compared to 
the base E7 + 3wt% BDH1281 mixture, but in contrast to the neat bimesogenic material which 
exhibits a nematic phase that at substantially elevated temperatures (>100 °C), this mixture can 
still be operated at room temperature. The electro-optic properties were investigated by 
applying a 500 Hz square wave voltage waveform using a Tektronix AFG 3022 waveform 
generator and measuring the switching angle using a combination of a BX51 polarizing 
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microscope, a Tektronix TBS1154 oscilloscope and high-speed Si photodiode [37]. The results 
are shown in FIG. 7(a). 
 
FIG. 7. (a) Flexoelectro-optic switching in the chiral nematic phase of the mixture E7+3wt% 
BDH1281 + 20wt% CB9CB in a 5µm thick device. The applied voltage was a 500Hz square 
wave. (a) The flexoelectro-optic switching angle (as measured on a polarizing microscope) is 
shown as a function of the applied voltage (peak-to-peak) and the dashed line represents a cubic 
series expansion fit based upon theoretical considerations (see main text). (b) The resulting 
optical phase modulation in transmission for the same range of flexoelectro-optic switching 
angles when the device was placed between a pair of quarter-wave plates. 
 
In FIG. 7(a) we can see that a peak switching angle of around 35 (17.5) was 
obtained at a switching voltage of 50Vpp. However, at this voltage the helix of the chiral 
nematic LC begins to unwind and there is some change in the alignment texture; therefore, 
operation at slightly lower voltages may be preferred. Due to the dielectric anisotropy of the 
material, and the resulting helix distortion under electric field application, the overall 
flexoelectro-optic switching behaviour is complex. However, the switching angle can be 
approximated in terms of a cubic series expansion [38] – this is the dashed line in FIG. 7a. 
This cubic series can be written in terms of the expression for the flexoelectro-optic tilt angle 














              (14) 
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where  is treated as a fitting parameter, and is a complex combination of elastic, dielectric and 
flexoelectric properties [38]. From the dashed line in FIG. 7a we can determine the ratio 
(𝑒1 − 𝑒3) (𝐾11 + 𝐾33)⁄ , which is sometimes referred to as the flexo-elastic ratio for the 
material, to be 0.924V-1 and the value of the fitting parameter  which is  = −1.446; the 
negative value of  indicates that the dielectric coupling tends to suppress (reduce) the 
flexoelectro-optic tilt angle. 
 
 We then placed this device between quarter-wave plates (FIG. 4(d) Exp2) and inserted 
it into one arm of the Mach-Zehnder interferometer. The device was again driven with a 500Hz 
square wave (so the switching response to either polarity is taking place in 1 ms), and the 
interference fringes were recorded on the CCD camera and tracked to extract the resulting 
optical phase modulation. The resulting phase modulation is shown in FIG. 7(b). We can see 
that, as expected, the resulting phase modulation is twice the switching angle of the optic axis 
in the device – this is because the light passes through the device a single time. However, this 
optical phase modulation is still rather small, with a maximum range of 70 at 50 Vpp. There 
are some losses in this arrangement due to imperfections in the alignment of the helical axis in 
the flexoelectro-optic device. These alignment imperfections lead to point defects in the LC 
structure, which in turn results in considerable optical scattering. The demonstration device is 
therefore somewhat optically inefficient, although it is expected that improvements to the 
alignment quality would considerably reduce this problem. By choosing the orientation of the 
device appropriately there is minimal amplitude (or intensity) modulation in this configuration. 
This is estimated to be less than 10% in amplitude (less than 1dB). 
 
 The phase modulation depth can be enhanced if we instead place the device (still 
between quarter-wave plates) in one arm of the Michelson interferometer. In this case, the light 
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now passes through the device twice. This is the configuration that we have previously 
presented using a different mixture that exhibited large switching angles but at very high 
temperatures (108°C) [23]. The result for the present device is shown in FIG. 8(a). It is 
immediately noticeable in the figure that the phase modulation has a different curvature from 
that shown in FIG. 7 for the switching angle and single-pass phase modulation behaviour, with 
the curvature being reversed at lower voltages. FIG. 8(b), which presents the result when the 
light passes through the device four times, shows similar qualitative behaviour to the two-pass 
case. This effect happens because of the change in retardation of the LC layer under an applied 
voltage. The material used here has a significant dielectric anisotropy (as noted earlier, for E7 
only at room temperature   = 14), and therefore under the application of the electric field 
there is a tendency for the helix of the chiral nematic LC to distort. In the configuration used 
here, with the electric field direction and light propagation direction perpendicular to the helical 
axis, this leads to a reduction in the effective optical anisotropy as the electric field amplitude 




FIG. 8. Phase modulation as a function of the applied voltage (peak-to-peak) for the 
flexoelectro-optic device consisting of the chiral nematic mixture E7+3wt% BDH1281 + 
20wt% CB9CB for multi-pass geometries: (a) two-pass and (b) four-pass configurations. The 
thickness of the device was nominally 5 µm. The data points represent the results from the 
experiments and the result from the model(s) are the black dashed lines. The precise form of 
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the behaviour depends on the orientation of the device, which in this case has been chosen to 
minimise the amplitude (or intensity) modulation to keep it below 10%. 
 
 
 When the flexoelectro-optic LC device was placed between a pair of quarter-wave 
plates and the phase shift was measured using polarized light (the configuration for the one-
pass transmission measurement results shown in FIG. 7(b)) then the phase modulation follows 
the tilt angle of the optical axis, as can be seen by comparing FIG. 7(a) and FIG. 7(b). 
However, when a mirror is placed behind the second quarter-wave plate the behaviour changes. 
The configuration experienced by the light path is now: quarter-wave plate, LC device (first 
pass), quarter-wave plate, mirror, quarter-wave plate, LC device (second pass), quarter-wave 
plate. Now, changes in the effective birefringence of the LC layer under the application of an 
electric field distorts the optical phase change as a function of tilt angle behaviour, making it 
non-linear, and resulting in the curves seen in FIG. 8. The shape of these curves would be 
qualitatively similar to those shown in FIG. 7 if a polarizer were placed between the second 
quarter-wave plate and the mirror. 
 
 In FIG. 7(a) the switching angle of the flexoelectro-optic LC device for a voltage of 
45Vpp at 500Hz is over a range of 32.5 (i.e. 16.25). The resulting optical phase change 
available in a one-pass configuration is then twice this value, being 65 for 45Vpp as shown in 
FIG. 7(b). Although the shapes of the curves are different, we can see that in the two-pass case 
the maximum optical phase modulation is again doubled (to a range of 130 for 45Vpp in FIG. 
8(a). In the four-pass case it is further doubled to a maximum range of 260 for 45Vpp, as seen 
in FIG. 8(b). At this point the optical phase modulation is eight times the flexoelectro-optic 
switching angle range, which means that full 0 to 2π optical phase modulation would be 
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 In summary, we have demonstrated two different configurations that allow substantial 
optical phase modulation on a millisecond timescale at room temperature. Using a pi-cell 
driven at high voltages in a multi-pass optical arrangement has allowed a boundary layer high-
speed switching effect to be exploited, giving full 0 to 2 optical phase modulation in 1 ms. It 
should be noted that this device used the well-characterized nematic LC, E7, and therefore 
substantially faster switching times could be obtained by using an optimized mixture (e.g. one 
with lower rotational viscosity, higher optical birefringence, larger elastic constants). This 
would therefore pave the way to full 0 to 2 optical phase modulation in sub-millisecond time 
scales. 
 
 Using the flexoelectro-optic effect in chiral nematic LC devices, we have shown 
enhanced multi-pass optical phase modulation. Modulation of 260 was achieved on a 1 ms 
time-scale using a material which showed a switching angle of just over 32 at 45Vpp. Full 0 
to 2 optical phase modulation could be achieved either using a slightly more optimized 
mixture (to give a switching angle of 22.5) or by using a six-pass optical arrangement. For 
example, a material developed by Varanytsia and Chien based on the nematic host MLC-2048 
(Merck) doped with the bimesogenic compound, CB7CB showed room-temperature switching 
angles of up to 40 [22], although this was at somewhat higher applied electric field 
amplitudes. 
  
A key application of the ideas proposed here is in the development of spatial light 
modulator technology with sub-millisecond switching over a full phase range. In order to 
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implement the multi-pass configurations using such technology it would be necessary to ensure 
that each modulating pixel is re-imaged onto the same modulating pixel in subsequent passes. 
For two-pass operation this can be achieved by integrating a mirror into the back-plane of the 
device. For four-pass (and higher) arrangements there are two possible approaches. For 
example, Peng et al. have demonstrated a very interesting integrated multi-pass configuration 
when optimising the phase modulation available using blue-phase LC technology [39]. This 
solution is very elegant, but the integrated mirrors do substantially reduce the useable mark-
space ratio of the pixels in a device. An alternative approach to this would necessitate an 
imaging system, such as a folded four-f system. In this arrangement light is incident on an SLM 
with an integrated mirror back-plane. The reflected light is then passed through a lens, which 
is placed its focal length from the spatial light modulator, and on to a mirror, which is placed 
at the focal length of the lens behind the lens. The light is hence reflected and precisely imaged 
back through the lens onto the same pixel in the SLM through which it first passed. The light 
therefore passes four times through each individual pixel. Further higher-pass configurations 
can be envisaged, although the imaging arrangements would not be convenient to implement.  
 
A further concern for the practical technological implementation of the ideas presented 
here are the drive voltages used. These are up to 50Vpp (25V), which are somewhat higher 
than normally used in spatial light modulators with integrated Silicon back-planes. However, 
it is anticipated that these drive voltages could be reduced through material choice and/or 
optimization. In the pi-cell demonstration presented here, the work was undertaken with the 
standard nematic material, E7. Choosing (or potentially developing) a material with higher 
dielectric anisotropy and high optical birefringence would allow the drive voltages to be 
substantially reduced. The flexoelectro-optic phase modulator was constructed using an in-
house developed mixture. Again, optimisation of the material to enhance its flexoelectric 
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coefficient and increase its birefringence would allow the use of thinner layers at reduced 
voltages. 
 
In future work, we aim to develop the concepts introduced here to demonstrate multi-
pixel phase modulators. These have exciting applications in areas such as optical beam 
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